Introduction {#Sec1}
============

Organic field-effect transistors are recognized as important devices for their applications in several electronic systems such as digital screens^[@CR1]^, electronic papers^[@CR2]^, plastic circuits^[@CR3]^, price tags^[@CR4]^, non-volatile plastic memories^[@CR5]^ and sensors^[@CR6]^ due to their lightweight, low cost production, mechanical flexibility as well as better carrier mobility. Among various organic materials, pentacene has been extensively investigated as a promising organic material for transistor devices^[@CR7],[@CR8]^ and finds application in various devices such as in memory device^[@CR9]^, ambipolar transistor device^[@CR10]^, and synaptic device^[@CR11],[@CR12]^. The carrier mobility of pentacene depends upon various factors, such as, the molecular orientation, the grain size within the device and the presence of impurities. The molecular orientation has a profound impact on the charge transport and determines charge carrier mobility of the electronic devices. Any difference of orientation between adjacent pentacene molecules would degrade the interactions of π electrons between them, which would subsequently affect the flow of charge carriers within the device. Although extensive research exists on the influence of impurities and morphology of pentacene film on device performance^[@CR13]--[@CR18]^, investigation of the effect of molecular orientation on the performance of a transistor device has not been reported. Nevertheless, it is of great importance to understand the correlation between the orientation of pentacene molecules and the electronic properties of a transistor device for improving the performance of pentacene-based transistor devices.

Raman spectroscopy has been recognized as a powerful technique to investigate structural features of organic molecules with a reasonably high spatial resolution of about 200\~300 nm^[@CR19],[@CR20]^. The resolution can be further improved to a few nanometers by utilizing plasmonic properties of metallic nanotip in tip-enhanced Raman spectroscopy technique^[@CR21]--[@CR26]^. Raman spectroscopy is also advantageous over other techniques because certain molecular vibrational modes can be preferentially invoked by employing a particular polarization of the incident light, and hence Raman spectroscopy can be utilized to investigate orientation distributions of various molecules, including pentacene^[@CR27]--[@CR30]^. In conventional Raman spectroscopy, the polarization measurements are limited to the direction parallel to the substrate plane, which usually suppress the molecular vibrations in the direction perpendicular to the sample plane. However, in our previous research, we investigated the orientation of pentacene molecules standing close to the normal on a substrate by utilizing a unique control of the polarization, where a component of the incident light could be polarized in a direction perpendicular to the substrate plane^[@CR31]^. We utilized incident light with two different polarizations, namely radial and azimuthal polarizations, the former being perpendicular to the substrate and the later in a direction parallel to the substrate. The pentacene molecule has an in-plane vibrational mode, namely the B~3g~ mode, at 1596 cm^−1^ that has atomic displacements along its long molecular axis. If pentacene molecules are standing on a substrate, atomic displacements of the B~3g~ mode would be in the direction perpendicular to the substrate. Therefore, Raman intensity of this mode would be maximum for the radially polarized incident light, while it would be minimum for the azimuthally polarized incident light. On the other hand, if the pentacene molecules lie on the substrate, the radial polarization of incident light would result in minimum Raman intensity, while azimuthal polarization of incident light would show maximum Raman intensity of B~3g~ mode. Therefore, if the pentacene molecules are oriented at a certain angle from the normal, the ratio of Raman intensities for B~3g~ mode under these two polarizations would give information about the tilt angle of the pentacene molecules. Compared with Raman spectroscopy, other existing characterization techniques have several limitations. For example, atomic force microscopy (AFM) can be utilized to investigate the morphology of the molecules but not their orientations. The information about molecular orientation of pentacene can also be obtained from X-ray diffraction spectroscopy (XRD) technique, however, this technique has very low spatial resolution, which only gives an average value of orientation over a large area and hence it is not suitable for investigating the effect of molecular orientations on carrier mobility. Also, this technique cannot be applied to study disordered part of the sample. Therefore, Raman spectroscopy is the only tool that can provide us information on molecular orientation nondestructively at a reasonably high spatial resolution within a transistor device.

In this study, we have investigated the orientation of pentacene molecules in actual transistor devices by utilizing polarization-dependent Raman spectroscopy and correlated these results with the performance of the device. In order to understand the effect of molecular orientation on electronic performance of the device, we used two different types of pentacene-based transistors, namely the sublimated and the non-sublimated. The as-grown pentacene molecules are considered as non-sublimated because they contain some impurities, such as 6,13-dihydropentacene, 6,13- pentacenequinone, aluminum, and iron. Such non-sublimated molecules can be purified by a process known as sublimation to remove all impurities and obtain a sublimated sample with almost no impurity. We measured electrical characteristics of the devices fabricated from both kind of pentacene molecules and found that the sublimated transistor showed higher charge carrier mobility than the non-sublimated. The impurity molecules can affect the device performance in two ways. One, they disturb the uniformity of pentacene molecules on the active layer of the device because of their presence and thus degrade the carrier mobility in the device. Second, since the impurity molecules go between the pentacene molecules, they push the pentacene molecules from their original orientations, as a result of which the orientations of pentacene molecules can randomly change on the substrate. Since even a very little change in the orientation of neighboring molecule can significantly affect the overlap of π electrons of the molecule, it drastically affects the carrier mobility in the device. The later effect can be much more prominent than the former, and hence it is important to understand the variation of molecular orientation between neighboring pentacene molecules in a non-sublimated device and to compare the same with a sublimated device. In order to correlate the device performance with the presence of impurity molecules in a non-sublimated device as compared to a sublimated device, we quantitatively investigated the distributions of molecular orientation of pentacene molecules in both the devices using polarization-dependent Raman spectroscopy. Our results show that the variation of orientation between adjacent measurement points, separated by a distance of a few hundred nanometers, was smaller in the device with sublimated pentacene molecules as compared to the non-sublimated device. This suggests that the flow of carriers in the sublimated sample was better in comparison with the non-sublimated sample due to a comparatively better molecular orientation uniformity in the sublimated sample. Also, our analysis confirms that the pentacene molecules in the sublimated sample were aligned in wider areas in comparison with those in the non-sublimated device, and therefore the sublimated device shows higher charge carrier mobility.

Results and Discussion {#Sec2}
======================

In order to confirm the electronic performance, we connected the fabricated device with gate-source voltage (V~G~) and drain-source voltage (V~D~), as shown in Fig. [1(a)](#Fig1){ref-type="fig"}, and measured electrical properties of the fabricated OFET devices. The transfer curve and output characteristics of the devices for the sublimated and the non-sublimated pentacene transistors are shown in Fig. [2](#Fig2){ref-type="fig"}. The transfer curves of the devices were monitored by changing V~G~ from 1.0 to −3 V by keeping the value of V~D~ at −3 V. The results are shown in Fig. [2(a,b)](#Fig2){ref-type="fig"} for sublimated and non-sublimated devices, respectively. We changed V~G~ from −1.0 to −3 V in steps of 0.5 V and monitored drain-source current (I~D~) of the transistor device as a function of V~D~, as shown in Fig. [2(c,d)](#Fig2){ref-type="fig"} for the sublimated and the non-sublimated devices, respectively. The calculated values of carrier mobilities for the sublimated and the non-sublimated pentacene transistors device were measured to be 0.603 cm^2^/Vs and 0.0352 cm^2^/Vs, respectively. Thus, the value of the carrier mobility for the sublimated device was found to be 17.1 times higher than that of the non-sublimated device.Figure 1(**a**) Schematic of the fabricated pentacene transistor device, and (**b**) optical setup for Raman spectroscopy measurement.Figure 2Transfer curves of the (**a**) sublimated and (**b**) non-sublimated pentacene transistor devices. Output characteristics of the (**c**) sublimated and (**d**) non-sublimated pentacene transistor devices. AFM images of the surface morphologies of the (**e**) sublimated and (**f**) non-sublimated pentacene devices.

The grain morphologies of pentacene may have significant effect on the charge carrier mobilities^[@CR13]^. Thus, we investigated grain morphologies using AFM technique. Figure [2(e,f)](#Fig2){ref-type="fig"} show typical AFM images that represent grain morphologies of the sublimated and the non-sublimated pentacene devices, respectively. We observed that the surface morphologies in both devices appeared similar with negligible changes in grain sizes. Therefore, we conclude that the grain size or the surface morphology in our devices are not noticeably affected by the sublimation and hence have negligible effect on the electronic performance of the devices. In general, AFM is a powerful and versatile technique that gives various information about the quality and surface morphology of the pentacene thin film, which affect the performance of the transistor device. However, since the AFM images of the sublimated and non-sublimated devices in present devices did not show an obvious difference, we need to rely on Raman spectroscopic analysis of both the devices to get further insight into the reasons for the high carrier mobility for the sublimated device.

Figure [3(a)](#Fig3){ref-type="fig"} shows typical Raman spectra of pentacene molecules with radial and azimuthal polarization of incident light. We observed that the Raman intensity at 1596 cm^−1^, which corresponds to the B~3g~ vibrational mode of pentacene^[@CR31]^, drastically increased for the radially polarized incident light as compared to the azimuthally polarized incident light. Although a polarization dependence can be seen for other vibrational modes, such as for the mode at 1371 cm^−1^ and 1533 cm^−1^, the B~3g~ mode at 1596 cm^−1^ is found to be more sensitive to the incident polarization. Therefore, we selected this mode for further analysis. The choice of the B~3g~ mode would ensure minimum error due to higher contrast between the two polarizations in comparison to the other modes. The ratio of Raman intensities for the polarization-sensitive B~3g~ vibrational mode, measured with azimuthal and radial polarizations at the same position, enables us to evaluate the molecular orientation by estimating the tilt angle of pentacene molecules in the device^[@CR31]^.Figure 3(**a**) Typical Raman spectra of pentacene molecules measured with incident power of 120 µW and exposure time of 3 s. The red and green color spectra show Raman spectrum measured with azimuthal and radial polarizations, respectively, at the same sample position. The arrow indicates the B~3g~ mode utilized for investigating the molecular orientations. (**b**) Theoretically calculated dependence of the intensity ratio on tilt and twist angles.

In order to obtain information about the tilt angle, we converted the intensity ratios for the two incident polarizations to the orientation angles by considering various parameters for calculation. The collection efficiencies of the objective lens for the parallel and the perpendicular components of the incident polarization, A and B, respectively, in the backscattering configuration depend on its cone angle^[@CR30]^. In our experiment, we used an objective lens (NA = 0.95) that has a cone angle of 71.8° and obtained the values of A and B as 9.98 and 1.11, respectively. In general, the pentacene molecules can have a tilt with respect to its vertical position and at the same time, molecules can be twisted along the molecular axis. We can estimate the tilt and the twist angles by considering the collection efficiencies of objective lens and measured Raman intensities of the B~3g~ vibrational mode under azimuthal and radial polarizations^[@CR31]^. The calculated dependence of Raman intensity ratios on both, the tilt angle and the twist angle, are shown in Fig. [3(b)](#Fig3){ref-type="fig"}. From the color scale in Fig. [3(b)](#Fig3){ref-type="fig"}, one can realize that there are several possible combinations of the tilt angle and the twist angle for a given value of the intensity ratio. Since it is known that the pentacene molecules tend to stand nearly perpendicular on the AlO~X~/SAM substrate^[@CR32]^, we can ignore the larger value of tilt angles that are shown on the right-half of the color image in Fig. [3(b)](#Fig3){ref-type="fig"}. Thus, by considering only the left-half part of the figure, one can realize that contribution of twist angle is not significant and the intensity ratio dominantly depends on the tilt angle of pentacene. Hence, in order to understand the influence of molecular tilt, we fixed the twist angle at 45° to determine the tilt angle, which is indicated by the dotted line in Fig. [3(b)](#Fig3){ref-type="fig"}. By considering this method, we utilized Fig. [3(b)](#Fig3){ref-type="fig"} as the reference to calculate the tilt angle for any measured Raman intensity ratio and then constructed images of the distribution of molecular tilt orientation for both transistor devices. This measurement was performed in a 10 × 10 µm^2^ area of the device with 30 × 30 pixels. Our measurement at each position provides the average tilt angle of pentacene molecules within the focal volume of the incident laser, which is a few hundred nanometers. Here, it is noteworthy to mention that the molecules within the focal volume may still have different orientations, and it is not possible to estimate the orientation of individual molecules. Nevertheless, Raman spectroscopy provides us the information about average tilt angle of pentacene molecules with a high spatial resolution of a few hundred nanometers in a transistor device, which is not possible with other techniques.

Figure [4(a--d)](#Fig4){ref-type="fig"} show the distribution of molecular tilt orientation of pentacene molecules for both the transistor devices along with the histograms of the tilt angles. From the histogram, the average value of tilt angles for the sublimated and the non-sublimated devices were estimated to be 18.78° and 20.22°, respectively. The histogram of the tilt angles for the sublimated device, shown in Fig. [4(c)](#Fig4){ref-type="fig"}, depicts narrower span ranging over about 20° in comparison to that for the non-sublimated device shown in Fig. [4(d)](#Fig4){ref-type="fig"}, which spans over a range of about 30°. This decrease in the variation in tilt angle for sublimated device is also evident from its lower standard deviation of ±3.53° in comparison to that for the non-sublimated device that was estimated to be ±4.75°. We found that the average value of the tilt angle and the deviation for the sublimated device were smaller than those for the non-sublimated pentacene device, which enables efficient transport of charge carrier from source to drain in the sublimated pentacene transistor device. In fact, the smaller deviation in tilt angle for the sublimated device in comparison to the non-sublimated device is the dominant reason for better carrier mobility as small difference in average tilt angle between the two devices is not expected to drastically affect the carrier mobility. The presence of impurities in the non-sublimated pentacene can be a reason for its larger deviation in tilt angles. During the vacuum deposition of non-sublimated pentacene, molecules of the impurities can get trapped between or beneath the pentacene molecules which, can randomly change their tilt angles and significantly affect the mobility of charge carriers.Figure 4Molecular tilt orientation distribution calculated from Raman intensity ratio of azimuthal to radial polarization of incident light for (**a**) sublimated and (**b**) non-sublimated pentacene transistors. Histograms showing tilt angle variation for (**c**) sublimated and (**d**) non-sublimated pentacene transistors, and histograms showing the variation of tilt angle between adjacent pixels for (**e**) sublimated and (**f**) non-sublimated pentacene transistors.

As observed before by electronic measurements, the value of the carrier mobility for the sublimated device was much higher than that for the non-sublimated device. However, the difference between average tilt angle for the sublimated and the non-sublimated pentacene device was only 1.44 degree. Therefore, to get a better insight into the large difference of carrier mobility of the two devices, we further analyzed the variation of tilt angle difference among all the adjacent measurement positions in the device by taking advantage of the high spatial resolution of our Raman measurements. For this purpose, we subtracted the tilt angle at any particular position from the tilt angle at its adjacent position, which is separated by a few hundred nanometers in the device, and created a histogram map that shows the difference of tilt angles among the adjacent pixels in the devices as shown in Fig. [4(e,f)](#Fig4){ref-type="fig"} for the sublimated and non-sublimated devices, respectively. It is clear from these histograms that there are more number of positions where angle differences between adjacent measurement points are smaller in the case of sublimated pentacene device as compared to that of non-sublimated device. We obtained the value of the average angle difference for the sublimated and the non-sublimated devices as 3.75° ± 2.95° and 5.20° ± 4.36°, respectively. Thus, we found that the average angle variation between adjacent points was smaller for the sublimated device with smaller standard deviation. When adjacent molecules have larger tilt angle difference between them, the interactions of their π electrons is degraded, and hence the smaller difference in angles between the adjacent positions enables efficient transfer of charge carriers from one position to its neighboring position. This results in a relatively higher carrier mobility for the sublimated device as compared to the non-sublimated device. In order to confirm the uniformity of our results, we tested four additional OFETs devices, two sublimated and two non-sublimated. We found that the sublimated devices showed comparatively smaller average tilt angles with smaller deviations and smaller differences in tilt angles between the adjacent positions in comparison to the non-sublimated devices. We can thus confirm that our observation about the molecular tilt and its variation between sublimated and non-sublimated devices was uniform across several devices.

In addition, similar measurements were performed in multiple areas of the devices to confirm whether or not the same properties are responsible for the efficient transfer of charge carriers in wider areas of the devices. Figure [5(a,b)](#Fig5){ref-type="fig"} show the average tilt angle in five different areas (10 µm × 10  μm each) of the sublimated and the non-sublimated device, respectively, along with their standard deviation bars. The measurement areas were separated from each other by a distance of 10 µm in the active region of the device and their corresponding orientation images are shown in the Supplementary Information. The values of average tilt angles were 18.78° ± 3.53°, 19.36° ± 3.05°, 19.16° ± 3.89°, 19.34° ± 3.87°, and 17.90° ± 4.18° at five different areas of the sublimated device. On the other hand, we observed the average tilt angles to be 20.22° ± 4.75°, 19.40° ± 5.77°, 19.96° ± 5.53°, 20.56° ± 6.20°, and 21.46° ± 5.32° at five different areas of the non-sublimated pentacene device that show comparatively larger orientation angles with larger standard deviations than those of the sublimated device. Figure [5(c,d)](#Fig5){ref-type="fig"} represent the average angle differences between the adjacent pixels in these five measured areas of both the devices. Here, the sublimated device shows smaller values of average of angle differences with smaller standard deviations in all the measured areas compared to those for the measurement areas of the non-sublimated device. Thus, we conclude that the sublimated pentacene molecules are better aligned in wider areas of the device compared to the non-sublimated pentacene molecules, which contributes to its high charge carrier mobility.Figure 5Bar graphs show average of orientation tilt angles at five different areas of the devices with the standard deviations for (**a**) sublimated and (**b**) non-sublimated pentacene transistor devices, Average angle difference between the adjacent pixels at the measured areas of the devices for (**c**) sublimated pentacene and (**d**) non-sublimated pentacene transistor devices.

Conclusions {#Sec3}
===========

This work has demonstrated an analytical investigation of orientation angles of pentacene in transistor devices. The transistor devices fabricated using sublimated and non-sublimated pentacene molecules show large differences in their carriers mobilities. Although the morphologies of pentacene in both the devices appear similar by AFM analysis, we found that the average orientation angle and the angle differences among adjacent positions separated by few hundred nanometers were smaller for the sublimated transistor device in comparison to the non-sublimated device, which was estimated from a polarization-dependent Raman spectroscopy technique. We further investigated orientation distributions of pentacene in wider areas of both the devices. The results show comparatively smaller orientation angle with small deviation for the sublimated pentacene device in different measured areas than the non-sublimated device. The difference of orientation angles among adjacent positions were also smaller for the sublimated pentacene device in all measured areas. Therefore, the carrier mobility for the sublimated device is significantly better than that for the non-sublimated device. This work demonstrates a way to quantitatively investigate orientation of pentacene molecules in electronic devices using a non-destructive and non-invasive Raman technique capable of offering a reasonably high spatial resolution of a few hundred nanometers, which can be utilized to improve performance of the device.

Experimental Methods {#Sec4}
====================

Materials {#Sec5}
---------

Both sublimated (P2524, 99.999%) and non-sublimated pentacene molecules were received from Tokyo Chemical Industry Co., Ltd., Japan. They were then utilized to fabricate the sublimated and non-sublimated devices.

Fabrication of transistor devices {#Sec6}
---------------------------------

Figure [1(a)](#Fig1){ref-type="fig"} shows a schematic of a fabricated transistor device. We first deposited a 30-nm-thick aluminum (Al) layer on a glass substrate (Corning Eagle XG, Germany) using vacuum deposition (EX-200, ULVAC, Japan). The substrate was then anodized in 1 mM of citric acid to grow an aluminum oxide (AlO~x~) layer. In the next step, the substrate was immersed in 3 mM of dodecylphosphonic acid (C~12~H~27~O~3~P) for 12 h at 30 °C, followed by rinsing in isopropyl alcohol and drying with nitrogen gas that produced a self-assembled monolayer (SAM) of dodecylphosphonate on the substrate. The fabrication process was followed by a vacuum deposition of a 30-nm-thick layer of pentacene molecules, which was deposited at the rate of 0.2 Å/s. Finally, a 50-nm-thick gold layer was deposited on these substrates through a shadow mask to fabricate source/drain contacts followed by an annealing of the device at 100 °C for 1 h under vacuum. The channel length and width of the transistor device were 40 µm and 500 µm, respectively. We fabricated two devices using sublimated and non-sublimated pentacene molecules under the same fabrication conditions.

Electronic measurements {#Sec7}
-----------------------

The current-voltage characteristics of pentacene transistors were measured with a semiconductor parameter analyzer (B1500A, Keysight Technologies, United States) and a probe station.

Atomic force microscope (AFM) measurements {#Sec8}
------------------------------------------

The AFM images of the device were measured in the tapping-mode operation using AFM5000II (Hitachi, Japan).

Raman measurement {#Sec9}
-----------------

Figure [1(b)](#Fig1){ref-type="fig"} illustrates an optical setup for Raman spectroscopy measurements in backscattering configuration. An excitation laser with a wavelength of 532 nm, which meets off resonant condition for pentacene molecule, was tightly focused on the sample plane through a 150× objective lens (NA = 0.95). The laser light passed through a half-wave plate, a linear polarizer, a z-polarizer and a circular mask before it was focused on the sample. The combination of a half-wave plate and a polarizer controls the direction of linear polarization of the incident light. By changing direction of linear polarization of incident light, from horizontal to vertical, and by introducing a z-polarizer in the optical path, we generated azimuthal and radial polarizations at the sample plane, as illustrated in the inset of Fig. [1(b)](#Fig1){ref-type="fig"}. A strongly dominant perpendicular polarization of excitation at the sample plane was achieved by using a circular mask in the optical path that blocks light with small NA (\<0.8). Raman scattered light from the sample was collected by the same objective lens, which was then passed through a depolarizer (DEQ-2S, Opto Sigma, Japan) and dispersed with a spectrograph (Princeton Instruments, Acton SP2300, Acton, USA) equipped with a grating (1800 grooves/mm), and was detected using an EM-CCD camera (Princeton Instruments, Pixis 100, Acton, USA). A notch filter was utilized to efficiently block Rayleigh scattered light.
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